Sometimes infectious agents invade and become established in new geographic regions. Others may be introduced yet never become established because of the absence of suitable hosts in the new region. This phenomenon may be particularly true for the many parasites with complex life cycles, where various life stages require different host species. Homogenization of the world's biota through human-mediated invasions may reunite hosts and parasites, resulting in disease outbreaks in novel regions. Here we use molecular genetics to differentiate invasion pathways for two digenean trematode parasites and their exotic host, the Asian mud snail, Batillaria attramentaria. All of the snail haplotypes found in introduced populations in North America were identical to haplotypes common in the areas of Japan that provided oysters for cultivation in North America, supporting the hypothesis that the snails were introduced from Japan with seed oysters. Two cryptic trematode species were introduced to North American populations in high frequencies. We found a marked reduction of genetic variation in one of these species, suggesting it experienced a bottleneck or founder event comparable to that of the host snail. In contrast, no genetic variation was lost in the other parasite species. We hypothesize that this parasite was and is dispersed naturally by migratory shorebirds and was able to establish only after the host snail, B. attramentaria, was introduced to North America. Evaluation of the nature of invasion pathways and postinvasion consequences will aid mitigation of spreading diseases of humans, livestock, and wildlife in an increasingly globalized world.
The marine mud snail, Batillaria attramentaria (ϭ Batillaria cumingi) is a widespread and often common intertidal gastropod in its native range in northeastern Asia (14) . B. attramentaria was presumably introduced to the West coast of North America with the importation of Pacific oysters, Crassostrea gigas, from Japan in the early 1900s (15, 16) . This snail now occurs in five disjunct populations from Boundary Bay in British Columbia south to Elkhorn Slough, Monterey, CA (17) . In its native range, B. attramentaria is geographically genetically structured (18) . This local genetic differentiation allowed us to identify the source of the introduced populations in North America. We predicted that the introduced snails would have originated from areas in Japan (identified in ref. 19 ) that provided high quantities of seed oysters for cultivation in North America.
B. attramentaria is infected by parasites in both its native and introduced ranges. In Japan, B. attramentaria is infected, as first intermediate host, by a suite of eight morphologically distinct digenean trematode species (see ref. 20 and refs. therein). These trematode species generally use fishes or invertebrates as second intermediate hosts and birds as final hosts. Of these eight morphologically distinct trematode species, only the most common species, Cercaria batillariae (20) , has invaded North America with its snail host (21) . An interesting caveat is that, within its native range, this single morphologically recognized parasite species is actually a complex of eight genetically distinct cryptic species (morphologically similar but genetically distinct species) (20) . Further, these cryptic species of parasite vary geographically in distribution and abundance, some being common in the potential source areas of the snails introduced to North America (20) .
There are two possible routes for the trematode parasites to have invaded North America: (i) with infected host snails or (ii) as adult stages traveling in migratory final host birds after their snail hosts became established. These routes are not mutually exclusive. However, the primary pathway taken should leave distinctive genetic evidence. As Miura et al. (20) predicted, if the parasites came with snails, the introduced parasite in North America should be a subset of the cryptic species found in snails in source areas of oysters exported to North America. We would also expect intraspecific parallels if genetic structure among populations of the cryptic parasite species occurs within the native range. Finally, if the parasites were introduced with their snail host, they would have likely experienced a bottleneck and have decreased genetic diversity in the new range. Alternatively, if migrating birds are the vector for parasite invasion, a genetic match between the native populations in the snails from oystering regions should be obscured, because birds would transport a greater genetic diversity of cryptic species and alleles within cryptic species to North America.
Using molecular genetics, we disentangled the invasion pathway of a host and its parasites. We (i) determined the source region for the introduced snail, (ii) identified which cryptic parasite species invaded North America, and (iii) provide evidence suggesting two distinct invasion pathways for the snail and its parasites. To our knowledge, no previous work has simultaneously investigated the population genetics of an invasion by both a host and its parasites.
Results
Host Genetics. We obtained sequence data from 180 individuals of the snail, B. attramentaria, from 18 populations (140 from 14 sites in Japan and 40 from 4 sites North America). Based on the 857-bp sequences of the CO1 gene, 23 haplotypes were found (GenBank accession nos. DQ366356-DQ366378). There was significant genetic structure among snail populations in the native range (⌽ ST ϭ 0.774, P Ͻ 0.001, Table 1 ), whereas no significant genetic structure was found among populations in the introduced range (⌽ ST ϭ 0.001, P ϭ 1.0, Table 1 ). Genetic structure between the native range, and the introduced range was not significantly different (⌽ CT ϭ 0.145, P ϭ 0.09), because of shared haplotypes between the regions (Fig. 1A) and high variation among populations in the native range (Table 1) .
Only three of the native haplotypes from Japan were found in introduced populations of B. attramentaria snails in North America. The numerically dominant introduced haplotype, A1, (95% of all introduced host snails examined), was also the most common haplotype in northeastern Japan (including the postulated source region, Miyagi Prefecture) (Fig. 1 A) . The other two less common introduced haplotypes were also found in northeastern Japan. A2 was found only in northeastern Japan, whereas A3 had a more widespread range (Fig. 1 A) . The phylogenetic relationships of each haplotypes are shown in Fig. 2A .
The introduced populations exhibited 72-88% less haplotype diversity than the native populations across all of Japan and compared with the native populations within Miyagi Prefecture (Fig. 3A) . Rarefied haplotype richness showed a similar pattern. The haplotype richness of the introduced population was 44-67% lower than that of the native populations across all of Japan as well as just within the Miyagi Prefecture (Fig. 3B) . The McDonaldKreitman test did not reject neutral evolution of the observed molecular variation for both the native (P ϭ 0.57) and introduced snails (P ϭ 1.00).
Parasite Genetics. We performed PCR-based restriction fragment length polymorphism analysis on 1,315 individuals of the trematode morphospecies, C. batillariae (930 from 14 sites in Japan and 385 from 4 sites in North America). As in Miura et al. (20) , we found eight genetically distinct cryptic species of C. batillariae Because variance estimates are based on measures of covariance, percent variation can be zero or negative when the actual values are small (37) . [HL1-HL8 of Miura et al. (20) ] in Japan. We found only three species introduced to North America (34% of HL1, 0.5% HL2, and 65.5% HL6; Fig. 4) . Two of the introduced parasites, HL2 and HL6, were among the three most common species found in Japan (23.2% of all individuals for HL7, 20.7% for HL2, and 18.9% for HL6; Fig. 4 ) and in the Miyagi Prefecture (30.1% for HL7, 30.8% for HL2, and 18.8% for HL6).
We performed PCR-based single-strand conformation polymorphism (PCR-SSCP) analyses for the two common trematode species (HL1 and HL6) found in North America. We analyzed a total of 230 infections of HL1 (99 from Japan and 131 from North America) and 428 infections of HL6 (176 from Japan and 252 from North America). For HL1, we found 43 distinct SSCP CO1 patterns of the 230 sampled infections (18.6%). For HL6, we found 93 distinct SSCP CO1 patterns of the 428 sampled infections (21.7%). Sequencing an individual of each unique SSCP pattern (a total of 136 infections) resulted in a unique sequence for each SSCP pattern. Thus, each SSCP pattern represented a unique haplotype for HL1 (GenBank accession nos. AY626457-AY626466 and DQ366386-DQ366418) and for HL6 (GenBank accession nos. AY626498-AY626514 and DQ366421-DQ366497).
We found no significant genetic structure among populations in either parasite species from the native range or the introduced range (Table 1) . However, for both species, there was evidence for some genetic structure between native and introduced regions. This differentiation was approximately twice as large for HL6 than for HL1 (⌽ CT ϭ 0.047, P ϭ 0.005 for HL1; ⌽ CT ϭ 0.087, P Ͻ 0.0001 for HL6).
Many of the introduced parasite haplotypes were also found in the native range ( Fig. 1 B and C) . Two of the three HL6 haplotypes from North America were identical to the Japanese haplotypes ( Fig. 1B) . Among the 10 HL1 haplotypes from North America, four were identical to the Japanese haplotypes (Fig. 1C) . The phylogenetic relationships of the haplotypes are shown in Fig. 2 B and C. Introduced HL6 populations exhibited 37-39% lower haplotype diversity than either all sampled native populations or the native populations in Miyagi Prefecture (Fig. 3C) . Similarly, rarefied haplotype richness of introduced HL6 populations was 45-73% lower than that of native populations and of Miyagi Prefecture (Fig.  3D) . In contrast, the haplotype diversity and rarefied haplotype richness of the other introduced parasite species (HL1) was similar to that of native HL1 populations (both throughout Japan and within thee Miyagi Prefecture) (Fig. 3 E and F) . The McDonaldKreitman test did not reject neutrality of the observed molecular variation for both native parasite species (P ϭ 0.44 for HL1, P ϭ 0.19 for HL6) and introduced parasite species (P ϭ 0.49 for HL1, P ϭ 0.60 for HL6).
Discussion
Using molecular genetics, we demonstrate that the Asian mud snail, B. attramentaria was introduced to North America from Miyagi Prefecture in Japan. Additionally, we identified three cryptic species (HL1, HL2, and HL6) of introduced trematode parasites. Introduced HL2 was very rare (Ͻ1%) and thus was not analyzed further. Our research suggests that the two common parasite species arrived in North America by different invasion pathways. One parasite was introduced to North America with its snail host, assisted by humans. In contrast, adults of the other parasite were probably continually dispersed naturally by migratory shorebirds. Before the invasion of B. attramentaria Ϸ100 years ago, their offspring would not have had the opportunity to recruit, because of the absence of a suitable snail intermediate host. Interestingly, oyster aquaculture likely reunited the parasite with its natural host and enabled it to establish in North America.
The genetic variation of B. attramentaria snails was highly structured in the native range in Japan (Table 1) , likely because of the limited dispersal ability of the directly developing snail (18) . This genetic structure enabled us to confirm the native source for the introduced North American populations. The source region historically provided seed oysters (Crassostrea gigas) for aquaculture in North America (19) . The introduced haplotypes were common in or restricted to native snail populations in the postulated source region (Fig. 1 A) . The dominant haplotype of introduced B. attramentaria populations (A1) was identical to the dominant haplotype in Matsushima Bay, Mangoku Bay, and Nagazura Bay, sites within the source region. Perhaps more importantly, a rare haplotype (A2) in one introduced population (Elkhorn Slough) appeared only in the hypothesized source region in Japan (Matsushima Bay; Fig. 1) . Further, all of the introduced snail haplotypes were phylogenetically closely related to one another (Fig. 2 A) , suggesting that they are not derived from large geographical range. Although it may be possible that the introduced snail haplotypes are also common in areas outside of Japan, sampling of B. attramentaria populations in Korea (18) indicates that this is likely not the case. Three haplotypes found in Korea (18) were the same or closely related to the haplotypes we found in the Japanese coast of the Sea of Japan and were not consistent with any of the introduced haplotypes (ref. 18 and data set herein). Thus, our genetic data support the hypothesis that B. attramentaria was introduced along with oysters brought to North America from Japan for aquaculture (15) . Studies based on nuclear markers suggest that species invasions do not always demonstrate corresponding reductions in genetic diversity (reviewed in ref. 22) . However, mitochondrial genes are particularly prone to losing diversity after invasion by a small number of founders, because mtDNA is haploid with uniparental inheritance and thus has only onequarter the effective population size of nuclear genes (23) . The low mitochondrial genetic diversity of the introduced snails is consistent with the expectation that introduced populations would have reduced genetic diversity because of founder events, bottlenecks and genetic drift (Fig. 3 A and B) (1). It is unlikely that the low genetic variation in North America was caused by selection of particular haplotypes, because the neutrality of the CO1 gene for B. attramentaria was not rejected for either the native and introduced regions.
Only one of eight trematode morphospecies, C. batillariae, found in the source region in Japan has invaded North America (21) . Interestingly, of the eight cryptic species of this C. batillariae in Japan (20) , only three species (HL1, HL6, and HL2) were found in the introduced range (Fig. 4) . Several mechanisms may ''filter out'' parasites during the invasion process (8, 24) . Parasites may be lost at the source (i.e., never get transported to the introduced area), or the parasites may be lost after the introduction. As predicted by Miura et al. (20) , parasites with high prevalence in the source areas (e.g., HL6) were transported to new range. However, one cryptic parasite species (HL7) that was common in the hypothesized source region was not found in the introduced range. This result could be explained by the absence, in the introduced range, of appropriate additional hosts, or by chance.
We found some unique haplotypes in the introduced populations. This finding is most simply explained as a result of sampling error (i.e., the haplotypes went undetected in the native range) and not by mutation and fixation of new haplotypes in the introduced region (given the short time the populations have been separated (Ͻ100 years), and that neutrality was not rejected for both native and introduced populations of both parasite species).
No significant geographic genetic structure was found in either of the common introduced trematode species (HL1 and HL6) in Japanese populations, with almost all of the total diversity being distributed within populations (Table 1) . Further, the introduced haplotypes were not closely related for both of these species (Fig.  2 B and C) . These patterns suggest a high level of gene flow among populations in native range, likely because of high dispersal capability of adult trematodes in the final bird hosts (25) . Similarly, once the parasites were introduced to North America, bird movement within the introduced range should homogenize haplotype diversity among introduced populations. Thus, it was not possible to identify the parasites' source area within Japan by comparing the distribution of haplotypes ( Fig.  1 B and C) , as we were able to do for their snail host. However, it was possible to infer the parasites' overall invasion pathway by assessing changes in population genetic variation. If relatively small numbers of parasites were introduced in a relatively short period (e.g., if they were introduced with the snail host by oyster transfers), we would expect a reduction in genetic diversity because of founder events, similar to what we found in the snail populations. Consistent with this hypothesis, one introduced parasite species (HL6) had populations with lower genetic diversity than the populations in the postulated source area (Fig.  3 C and D) and was likely introduced along with its host snail.
In contrast to HL6, genetic diversity of the other common introduced parasite, HL1, was not significantly different in introduced compared with native populations (Fig. 3 E and F) . Also, the analysis of molecular variance (AMOVA) indicated that introduced HL1 were far more similar to native HL1 than introduced HL6 were to native HL6 (HL1 having about half the genetic differentiation across geographic regions as did HL6). This similarity suggests a limited or complete lack of a population bottleneck associated with the invasion of HL1. This high level of genetic diversity is uncommon for introduced species (1), unless they are repeatedly introduced or originate from multiple source regions (10) . Importantly, the high number of introduced lineages (variation) of HL1 suggests a high level of connectivity between Japan and North America. We postulate that HL1 was repeatedly introduced to North America by migratory birds, which serve as its final hosts. Some estuarine birds (e.g., ref. 26) regularly travel from the north during alternate winter migrations down either the Asian or North American side of the Pacific (essentially connecting Asia and North America by way of their far-north breeding grounds). For individual birds, winter migration down either side of the Pacific is separated by the summer breeding season. Thus, dispersal of HL1 by these birds would require that adult parasites live a few to several months in their bird final hosts. Evidence for two confamilial (heterophyid) trematode species suggests that they can live Ͼ1 year (27, 28) . Additionally, individual birds can carry 1,000s of adult trematodes in their intestines (29) . Thus, it appears plausible that the relatively high genetic diversity of the introduced HL1 trematode parasite is because of recurrent introduction from its native region by the migration of its final host birds. Why would the other parasite (HL6) not be continuously dispersed along both sides of the Pacific? Although we cannot be certain, the answer may lie in differences in the biology of the adult parasites. Adult stages may differ more than one would expect based upon how similar the species appear as larvae. Perhaps adults of the HL6 species are shorter-lived than HL1 and are consequently unable to survive the breeding season of their avian final host. Thus, differential longevity of HL6 and HL1 could explain the different invasion pathways for the two parasites. Additionally, the cryptic species may differ in critical aspects of parasitism of second intermediate hosts. For instance, if HL6 infects a narrower range of second intermediate host species than HL1, it would reduce the chance both of being transported from Japan (by bird predators) and of completing its life cycle in North America. These possibilities could also explain the failure of the other trematode species in Japanese populations of B. attramentaria to invade North America.
Although HL6 probably invaded along with its snail host, HL1 may have continually been transported by birds to North America, long before oyster aquaculture. Hence, North America may, in fact, be within the natural range of adults of this parasite. However, its infective propagules were unable to become established until the introduction of its obligate first intermediate host snail, B. attramentaria. Although HL1 may have been transported to North America for a long time, it did not adapt to use the confamilial and sympatric North American mud snail, Cerithidea californica, as an alternative first intermediate host (21) . This is not surprising, given that trematodes are typically exceptionally host-specific for their first intermediate host (30, 31) . Nevertheless, both of these introduced parasites are now abundant in North America, and at least one of them infects native fishes as second intermediate hosts (21) . This study shows that comparative use of molecular genetic tools can be used to test hypotheses concerning mechanisms of humanmediated invasion. Further, it suggests that parasites which may have historically been ''tourists'' in North America became established after the introduction of a ''missing'' host. We suspect that these dispersal-invasion pathways are not unique and may result in future emerging infectious diseases of humans, agriculture, and wildlife.
Materials and Methods
Study Sites and Sample Collection. Samples of B. attramentaria were collected from 14 populations in Japan and 4 populations in the U.S. (Fig. 1 A) . Snails were identified following Adachi and Wada (32) . We dissected each snail and identified trematode species using a stereomicroscope. Both snails and parasites were fixed with 70% ethanol and stored at Ϫ20°C for molecular analysis. We modified the procedure of Doyle and Doyle (33) to isolate snail and trematode DNA. Snail and trematode tissue were separated and homogenized in a solution of 300 ml of 2ϫ cetyltrimethylammonium bromide and 10 mg ml Ϫ1 proteinase K, incubated at 60°C for Ϸ1 h, extracted once with phenol/ chloroform (v:v, 1:1), and precipitated with two volumes of ethanol. The DNA pellets were washed with 75% ethanol, air-dried for Ϸ30 min, and dissolved in 50 ml of H 2 O.
DNA PCR-Restriction Fragment Length Polymorphism (RFLP) Analysis.
We identified the eight cryptic species of C. batillariae [HL1-HL8, following Miura et al. (20) ] using PCR-RFLP on the mitochondrial CO1 gene. PCR primers for CO1 used in this study were the regions described previously for the studies of trematodes: JB3 (34) and CO1-R trema (20) [supporting information (SI) Table 2] .
PCR amplification was performed by using 35 cycles under the following conditions: denaturing at 94°C for 30 sec, annealing at 45°C for 30 sec, and extension at 72°C for 60 sec. Five microliters of unpurified PCR products was digested for 10 h with the four-base cutting restriction enzyme, endonuclease MseI (New England Biolabs, Ipswich, MA). The restricted fragments were separated by 4% Tris-acetate EDTA agarose gels for 4 h at 50 V constant voltage and detected by staining with ethidium bromide. Genotypes were identified based on the fragment patterns and scored individually.
DNA PCR-SSCP Analysis. To assess the intraspecific genetic structure of the two common cryptic species of parasite (HL1 and HL6) that we found had invaded North America, we performed PCR-SSCP analysis. Comparative analysis of the published sequence of the CO1 gene of C. batillariae (20) enabled identification of highly variable regions that were used for PCR-SSCP analysis. Two regions (250-280 base pairs) that showed high genetic variation were selected from sequences previously published for haplotypes of the cryptic species (GenBank accession nos. AY626457-AY626466 for HL1 and AY626498-AY626514 for HL6). A total of 544 base pairs for HL1 and 542 base pairs for HL6 were investigated. We used four pairs of fluorescentlabeled primers for PCR-SSCP analysis (SI Table 2 ). PCR amplification was performed by using 35 cycles under the following conditions: denaturing at 94°C for 30 sec, annealing at 50°C for 30 sec, and extension at 72°C for 60 sec. Sample preparation for capillary electrophoresis involved the addition of 1 l of diluted PCR product to the capillary electrophoresis mixture [3 l of deionized formamide/0.5 l of 0.1 M NaOH/0.5 l of GeneScan-350 ROX Size Standard (PE Applied Biosystems, Foster City, CA)]. The capillary sample mixture was denatured for 2 min at 95°C and rapidly cooled on ice before loading of the instrument. Subsequent preparation, such as setup of the ABI PRISM 310 Genetic Analyzer was done in accordance with the manufacturer's instructions (PE Applied Biosystems). The nondenaturing polymer matrix used was 3% GenScan polymer with 10% glycerol. Electrophoresis conditions were set on the instrument at a 5-s injection time, a 7-kV injection voltage, a 13-kV electrophoresis voltage, a 210-s syringe pump time, a constant temperature of 30°C, and a 20-min collection time. We aligned sample peaks by size and scored them individually. As described below, we confirmed that each unique SSCP pattern represented a unique haplotype by performing DNA sequencing on an individual of each unique SSCP pattern.
DNA Sequencing. We sequenced the CO1 genes of 10 B. attramentaria snails (857 base pairs) from each of our 18 sites (14 in Japan and 4 in North America). We designed PCR primers (CO1-bf and CO1-br; SI Table 2 ) for the B. attramentaria CO1 gene based on published CO1 sequences of batillariid snails (GenBank accession nos. AB054364-AB054367). For the two common invasive cryptic species of C. batillariae (HL1 and HL6), we sequenced the CO1 genes of an individual of each unique SSCP pattern. A total of 136 infections of trematode parasites were used for the sequence analysis. The primer pairs and condition of PCR amplification for C. batillariae were the same as those used in the RCR-restriction fragment length polymorphism (described above and in SI Table 2 ). The PCR products of all samples were purified and sequenced by using an automated sequencer [HITACHI SQ5500 (Hitachi, Tokyo, Japan) and ABI PRISM 310 Genetic Analyzer (Applied Biosystems)]. Sequences were aligned by CLUSTALX (35) . We obtained network trees based on the most parsimonious connections of haplotypes by using TCS 1.21 (36) .
Estimation of Genetic Parameters and Data Analysis. We compared haplotype variation within and among populations of the entire sampled native region, the hypothesized source region, and the introduced region, using ⌽ statistics from analysis of molecular variance (AMOVA) (37) using Arlequin 3.0 (38) . We also compared genetic diversity of the native and introduced ranges using both haplotype diversity [gene diversity (39) ] and haplotype richness [allelic richness (40) ]. Haplotype diversity was calculated by Arlequin 3.0. Difference between haplotype diversity of introduced ranges and native ranges were tested by using t tests, following Nei (39) . Richness measures are sensitive to sampling effort (40) (41) (42) , and we sampled different numbers of populations in the different regions, and (for the parasites) different numbers of individuals within populations. Thus, to directly compare haplotype richness between regions, we used a resampling scheme to hierarchically rarify (42) measures of haplotype richness to standardized numbers of populations (sampled without replacement) and individuals within populations (sampled with replacement). To allow the most useful comparisons, we consistently resampled three populations from each region to be compared, for both snails and parasites. For snails, we resampled the 10 individuals within each population, and for parasites we resampled five individuals per population [for rarified haplotype richness of parasites, we excluded parasite populations (all in the native range) with less than five individuals sampled]. To generate the rarified richness measures, we performed 10,000 iterations, for each calculation, using the Resampling Stats Excel Add-in 3.0 (Resampling Stats, Arlington, VA). We assessed the significance of observed differences using t tests. To obtain standard errors for t tests of the rarefied richness measures, we generated the resampling distribution of differences on the null hypothesis using 10,000 iterations (resampling within each region, to allow for unequal variances) (43) . All P values are two-tailed. To assess the neutrality of the quantified genetic variation at the CO1 gene in both the native and introduced regions, we applied the McDonald-Kreitman test (44) using DnaSP 4.0 (45) . This test is based on a comparison of synonymous and nonsynonymous variation within and between species. To calculate the variation between species, we used sequences of Batillaria multiformis (GenBank accession no. DQ981865) as the outgroup for B. attramentaria, and HL2 (GenBank accession no. AY626472) for the two parasite species. This test is also well suited for our study because it does not assume populations are at equilibrium (44) .
